A modified procedure for determining the pattern of peptidoglycan synthesis during the division cycle has allowed the measurement of the rate of side wall synthesis during the division cycle without the contribution due to pole formation. As predicted by a model proposing that the surface growth of the cell is regulated by mass increase, we find a decrease in side wall synthesis in the latter half of the division cycle. This supports the proposal that, upon invagination, pole growth accommodates a significant proportion of the increasing cell mass and that residual side wall growth occurs in response to the residual mass increase not accommodated by pole volume. The observed side wall synthesis patterns support the proposal that mass increase is a major, and possibly sole, regulator of bacterial surface increase. Membrane synthesis during the division cycle of the gram-negative, rod-shaped bacteria Escherichia coli and Salmonella typhimurium has also been measured with similar methods. The rate of membrane synthesis-measured by incorporation of radioactive glycerol or palmitate relative to simultaneous labeling with radioactive leucine exhibits the same pattern as peptidoglycan synthesis. The results are compatible with a model of cell surface growth containing the following elements. (i) During the period of the division cycle prior to invagination, growth of the cell occurs predominantly in the side wall and the cell grows only in length. (ii) When invagination begins, pole growth accommodates some cytoplasmic increase, leading to a concomitant decrease in side wall synthesis. (iii) Surface synthesis increases relative to mass synthesis during the last part of the division cycle because of pole formation. It is proposed here that membrane synthesis passively follows the pattern of peptidoglycan synthesis during the division cycle.
How is the rate of cell surface synthesis regulated in bacteria? One proposal consistent with the available data is that the surface of the gram-negative, rod-shaped cell grows in response to the increase in cell mass. This proposal has been termed the surface stress model (12; see reference 13 for discussion and recent references). The continuous increase in the cytoplasmic constituents of a cell (RNA, protein, water, and ions, etc.) leads to an increase in turgor pressure on the cell surface. This increase in turgor pressure leads to the stressing and bending of peptidoglycan bonds. The cell surface expands when nascent material is incorporated into the stress-bearing plane upon the preferential scission of the stressed peptidoglycan linkages. Thereby, new wall growth responds to and accommodates the increase in mass or volume. The slight reduction in turgor resulting from the incorporation of new material into the stressed layer allows cell mass to again increase prior to further surface growth. The continuous and exponential increase in cell mass or cytoplasm leads to the continuous increase in cell surface.
It has been proposed that the murein of gram-negative, rod-shaped bacteria enlarges solely in response to the increase in cell cytoplasm. Evidence for this proposal was obtained by using the backwards-ratio-of-rates method with the membrane elution technique (2, 4, 5, 7) . The rate of synthesis of peptidoglycan during the division cycle was measured by comparing the rate of incorporation of leucine to the rate of incorporation of a peptidoglycan precursor such as diaminopimelic acid (DAP) or N-acetylglucosamine.
The ratio was constant for bacteria prior to invagination and increased in the latter part of the division cycle (2, 7) . This model of wall growth would explain the constant cell density observed during the division cycle (14) . This is because the derivations of the parameters of wall growth were specifically chosen to give an exponential increase in cell volume and not to produce any particular pattern for the increase in cell surface.
One prediction of the mass-determined model of wall growth (2) is that side wall synthesis will decrease during invagination. This predicted drop was not observed in previous experiments with the membrane elution method (2, 7) . Electron microscopic autoradiographic analysis of wall synthesis has shown that cells undergoing constriction exhibit decreased amounts of side wall label compared with nonconstricting cells (17) . In this electron microscope experiment, the autoradiographic measurements were made on a population of cells on a grid, and thus experimental variables were minimized. However, the precise rate of side wall synthesis as a function of cell age could not be determined.
A drop in the ratio of side wall label to protein label during a pulse incorporation would be expected to be observed at later generations of elution from the membrane elution apparatus when the obscuring effects of labeled poles are removed from consideration. The evidence indicates that bacteria remain permanently bound at their site of attachment to the membrane (4) , so that the newly synthesized poles in the middle of the cell are lost in the first two generations of elution. Although we feel that this assumption is well supported by the evidence, we would observe that it is not yet unequivocally proven that all pole material is lost during the first two generations and that no labeled pole is found bound to the membrane. After this loss of labeled pole (i.e., the third generation of elution and beyond), it should be 3122 GALLY ET AL. possible to measure the rate of side wall synthesis. To be precise, the side wall synthesis being measured is the wall being synthesized in the culture during the period of labeling and prior to being placed on (9, 10) . This doubling has been proposed to represent a doubling in membrane synthetic sites, possibly related to the appearance of periseptal annuli, but no temporal connection has been found (11) .
Here (Fig. la) , one can use the differential plot to see the inflection point in the original data. The differential reaches a minimum at each inflection point. Consequently, generations of elution are calculated from one minimum to the next, from left to right (Fig. lb) . We have also used the differential plot (similar to that described in Fig. 1 ) of the dual-label ratio to objectively locate discrete changes in the rate of synthesis of different cell surface components within the division cycle.
Details of counting radioactivity, statistical analysis, and differential analysis. The eluted samples were counted in a Beckman model 3801 scintillation counter. This instrument has been calibrated to correct for any differential quench in the samples. The machine monitors the quench, corrects for quench, calculates the spillover of each isotope into the other windows, and then calculates a corrected disintegrations per minute as a final result. Thus, if there was differential quench in the eluted samples (brought about, perhaps, by the different cell numbers in each sample), then the machine would account for this. In any case, analysis of the H number (the numerical indicator of quenching) indicates that the eluted samples are all quenched to the same degree, and therefore any quenching problem is negligible.
All radioactivity was counted to 2% accuracy in both the 3H and 14C channels. Inspection of the elution results indicates that this is sufficient for analysis. Sequential samples show no variation due to low statistical accuracy.
The differential rates were calculated by taking the differences between every other sample value and plotting the differential after normalizing the results by multiplying by a fixed factor. No data were rejected or discarded in this analysis. For exponential incorporation during the division cycle, as is found with leucine, the leucine per cell graph is as depicted. The (4) . As the cell cycle is thus interpreted right to left (youngest to oldest), it can be seen in Fig. 2 that the peak in the ratio of by half is 50 min, indicating that the doubling time on the incorporation of peptidoglycan precursor to that of leucine, membrane is 50 min; this is similar to the growth rate of the during the first two generations of elution, occurs towards cells prior to placement on the membrane elution apparatus.
the end of the cell cycle. It was previously proposed that the These observations indicate that the bacteria on the mempeaks in the ratio appearing during the first two generations brane are in an unperturbed state, dividing regularly and in of elution are due to pole synthesis at the time of labeling (2, age order. 7). This effect will be lost after the second generation of
The [3H]DAP per cell elution pattern is different from that elution. However, it is clear that there are cyclic variations of leucine. Although this can be seen from the plot of tritium extending into the third, fourth, and fifth generations of per cell (Fig. 2) , it is also apparent in a plot of the ratio of elution ( Fig. 2 and 3 ).
[3H]DAP to [(4C]leucine. There is a cyclic variation in DAP It should be noted that the expected elevated peak in the incorporation during the division cycle. The very fact that second generation of elution, expected to be due to the there is a variation in such a plot indicates that the uptake elution of the remaining labeled pole material at the start of and, as the labeled pool is small, the incorporation of DAP the second generation, is not as high as expected (2, were divided by the average ratio value, and the results were plotted (0). The ratio from Fig. 1 for DAP to leucine was normalized the same way and plotted (0). The leucine/leucine ratio experiment was set up so that the actual counts obtained in each fraction were similar to those obtained with the cell surface labels in Fig. 2 and 3. positioning is correct (see discussion of Fig. 11 ), but the height is not elevated. We have no explanation for this result at this time, but speculate that there is something about the variation in generation times, combined with some delay in elution of cells in the first generation, that accounts for this phenomenon.
The statistical significance of these variations in the ratio of DAP to leucine incorporation, is provided by a comparison with an experiment with differentially labeled amino acids (Fig. 4) . In this figure, it can be seen that the ratio of two amino acids incorporated into the cells (i.e., the ratio of [3H]leucine to ['4C]leucine) is a straight line with no distinguishing peaks. In order to make a valid comparison, the ratios in Fig. 4 have been normalized by division with the average ratio from each set of values. The horizontal line for the two amino acids indicates that the peaked pattern when wall label is compared with amino acid label is statistically and experimentally significant.
We propose that the cyclic variations beyond the second generation of elution are due to changes in the rate of side wall peptidoglycan synthesis (in the culture being labeled just prior to being placed on the membrane) during the division cycle. To test this proposal, we have tried to determine whether the timing of the peaks in the ratio that occur during the first two generations of elution (proposed as resulting from pole growth) differs from that of the subsequent ratio peaks (proposed to result solely from side wall synthesis). A theoretical analysis predicts that the peaks in the third and subsequent generations appear as peaks because of a decrease in side wall synthesis during the latter part of the division cycle and may be observed earlier in the later generations of cells eluted from the membrane than peaks in the first two generations of elution (see Discussion). Analysis of some experiments (e.g., Fig. 3a) shows a difference in the peak size and shape between the second and third generations of elution. The third and subsequent ratio peaks appear slightly delayed relative to the second peak, indicating that they are actually earlier in the division cycle eluted from the membrane. In the case, we studied the rate of wall synthesis during the division cycle at room temperature (220C). The lower temperature allows the timing of cell cycle events to be determined more precisely because more samples can be taken during each cycle of elution. The cell number elution profile and dual-label ratio from such an experiment are shown in Fig. 5 . There is cyclic variation in the DAP/leucine ratio during the third generation of elution. The beginning of each generation of elution is indicated by the vertical lines (determined from the cell elution plot). Arrows indicate the ratio peaks. In this experiment, the ratio peak occurs at age 0.83 (i.e., 0.83 of a division cycle after the formation of a newborn cell) during the second generation of elution and at age 0.72 during the third generation of elution. Thus, the peak in the ratio during the third generation of elution appears earlier in the division cycle than the peak in the ratio during the second generation of elution. The timings of the peaks in the DAP/leucine ratio for both E. coli and S. typhimurium for each generation of elution are given in Table 1 The differential of the ratio plot (Fig. 6b) (Fig. 8) ( Fig. 9) are shown. The mean times of peaks in the ratio for each generation of elution from four palmitate labeling experiments with E. coli NC3 and three palmitate labeling experiments with S. typhimurium 2616 are given in Table 1 .
Comparison of the incorporation rates of peptidoglycan and phospholipid precursors during the division cycle. The timings of the peaks in the incorporation of DAP to leucine and of glycerol and palmitate to leucine during the division cycle are given in Table 1 . The timings are similar, suggesting that membrane and peptidoglycan synthesis have the same pattern during the division cycle. Table 1 .
invagination, the ratio of the rate of surface to the rate of mass synthesis is constant. After invagination begins, there is an increase in the ratio of wall increase to cytoplasm increase. This model is illustrated in Fig. 10 . The point emphasized here is that during invagination, a decrease in the rate of side wall synthesis is expected. This is because pole growth accommodates some mass growth, thus reducing the need for side wall synthesis.
The predicted pattern for the ratio of wall to protein label for a cell initiating septation halfway through the cell cycle, with pole growing during invagination at a constant rate, is shown in Fig. 11 . The peaks in the ratio of wall to protein label during the first two generations are due to the contribution of the pole growth during the latter part of the division cycle. If cells are bound to the membrane at a fixed point, then after two generations the newly synthesizing pole material will have been eluted from the membrane. This can be seen by imagining the cell as bound to the membrane Before invagination, the ratio of the rate-of-surface increase to the rate-ofvolume increase is constant. When invagination or pole synthesis begins (age 0.5 in this example), it is assumed that pole synthesis increases linearly such that the surface of the pole increases in equal increments. There is an increase in the ratio of the rate-of-surface increase to the rate-of-volume increase. The predicted pattern of a dual label experiment, expressed as the ratio of wall label to protein label, is shown in Fig. 11 . (For detailed discussion see references 2, 4, and 7). Any volume not accommodated by pole growth is accommodated by cylinder growth. At the start of pole growth, there is a reduction in the rate of surface growth in the cylinder. As the pole continues to grow, there is a decrease in the volume accommodated by the pole and there is an increase in the rate of growth in the side wall. This is schematically illustrated by the thinner sector in the expanding side wall immediately after the start of constriction. As the new pole increases, in increments of equal area between the indicated ages, the volume accommodated by the new poles is continuously decreasing. Therefore, the rate of side wall growth in the cylindrical portion increases continuously during the constriction period. At the end of the division cycle, the rate of synthesis in the cylinder is the same as the rate for a newborn cell. There is no sharp change in the rate of cylinder elongation at the instant of division. It should be noted that the cell growth drawn in this figure occurs with a constant diameter. Although diameter varies over many generations, the diameter does not vary in any significant way over a single generation. Thus, while all cells in a population may not have the same diameter, the diameter during the division cycle does not vary (see references 4 and 5 for complete discussion). Fig. 11.) A consequence of the predicted model is that the peak (or more properly, the plateau) of the ratio graph in the third and subsequent generations of elution may occur earlier in the cell cycle than the peaks in the first and second generations of elution. This theoretical difference is depicted in Fig. 11 . The precise predictions of this figure are not to be expected in any set of experiments because the calculations of the graph in Fig. 11 are for cells invaginating at age 0.5 and with pole growth occurring in equal increments of area (Fig. 10) . If either the start of invagination or the rate of pole growth differs in the actual cell or if there is a significant variation in the timing of initiation of pole synthesis, one would expect a different ratio pattern. However, a change in the timing of the peaks would still be expected between the 2nd and 3rd generations of elution. Our results do not demonstrate such a clear difference in peak shape and timing as predicted in Fig. 11 , although some differences were observable. Population variation would also effect a smoothing of the data and an obscuring of the changes in timing during the later generations of elution. The clear inverse relationship in our data between the cell number and the ratio implies a close connection between cell age and the ratio change, primarily that the oldest cells of the population exhibit the highest ratio of cell surface precursor to leucine. This connection would be expected to be found at all growth rates. Our objective determinations of the cyclic timings do indicate differences in timing between the second and subsequent generations. The theory of wall synthesis and the predictions to be derived from these calculations are approximate at this time. We point out that there are significant variations in the ratio during the third and subsequent generations of elution and that the timing of the peaks in the ratio is consistent with the proposal that during the latter generations of elution, only side wall synthesis is being observed. Our results are consistent with experiments studying the distribution of grains within individual bacteria radiolabeled with DAP, which demonstrated a reduction in side wall synthesis during invagination (17) .
It is possible to measure a small amount of turnover and release of peptidoglycan material from labeled S. typhimurium 2616 (6, 8) . We have looked for cell cycle-specific release of material from cells, and no evidence for such a phenomenon was detected. Furthermore, the low amount of turnover (on the order of 7% per generation) does not prevent our detection of cell cycle variations in incorporation of peptidoglycan precursors. While such turnover might make the results less obvious, the fact that we see these results despite the potential distractions of turnover suggests that turnover is not a major problem in these experiments.
We conclude from the work presented here (i) that we are measuring the rate of side wall synthesis during the third and subsequent generations of elution, (ii) that there is a decrease in the rate of side wall synthesis during the latter part of the division cycle, and (iii) that the pattern of synthesis observed is consistent with the proposal that mass increase regulates the synthesis of cell surface during the division cycle.
Turning now to the pattern of membrane synthesis, over the past two decades there have been many proposals regarding the pattern of membrane synthesis during the division cycle (9, 10, 15, 16) . The previous proposals have not related membrane synthesis to the pattern of peptidoglycan synthesis during the division cycle. Our experiments have shown that membrane synthesis does follow the same cell cycle pattern as peptidoglycan. Pierucci's (15, 16 ) data on phospholipid synthesis, obtained with the membrane elution method, are also consistent with the rate of phospholipid synthesis being similar to that of peptidoglycan synthesis. However, those data were interpreted in terms of a bilinear pattern similar to that exhibited with thymidine labeling. Our results show a significant increase in the incorporation of membrane (and peptidoglycan) precursors relative to leucine in the latter part of the division cycle. The inverse correlation of the ratio with cell number supports the proposal that there is a decrease in the rate of cell surface synthesis at division. This correlation argues against a doubling in the rate of synthesis in the middle of the division cycle. Such an event during the division cycle gives a well-defined plateau in the eluted counts per cell and a sharper inverted sawtooth pattern in the ratio (as with thymidine; unpublished data). We propose that the stressbearing peptidoglycan layer enlarges in response to mass accumulation. In turn, cell membrane grows passively in response to the increase in peptidoglycan surface and coats the peptidoglycan with minimal stretching and buckling.
For completeness, we would note that an alternative argument could be made that membrane responds to the turgor pressure and that peptidoglycan biosynthesis follows membrane expansion. The main argument against this view is that dissolution of the peptidoglycan by enzymes leads to cell lysis because the membrane is not structurally strong enough to hold the cell together. Thus, to have membrane be the rate-limiting component on cell expansion is difficult to imagine at this time.
Our data do not allow us to clearly distinguish between different proposals for the rate of membrane synthesis during the division cycle. The rate is not exponential and is not consistent with the pattern expected for a bilinear mode of synthesis. Here, we stress that there is a good correlation of the pattern of membrane synthesis with the pattern of peptidoglycan synthesis.
There is good agreement between our experimental observations and the theoretical pattern of surface synthesis based on mass-driven expansion. Until there are either experiments capable of clearly differentiating between the different models or a better theory that accommodates the available data, we propose that the cell surface-including both membrane and peptidoglycan-increases to maintain a constant cell density in response to an exponential mass increase.
